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Abstract 
Band gap tuning in two-dimensional transitional metal dichalcogenides (TMDs) is crucial in 
fabricating new optoelectronic devices. High resolution photoluminescence (PL) microscopy is 
needed for accurate band gap characterization. We performed tip-enhanced photoluminescence 
(TEPL) measurements of monolayer MoSe2 with nanoscale spatial resolution, providing an 
improved characterization of the band gap correlated with the topography compared with the 
conventional far field spectroscopy. We also observed PL shifts at the edges and investigated the 
spatial dependence of  the TEPL enhancement factors. 
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1.  Introduction 
The reduced dimensionality of 2D materials leads to distinct properties compared to bulk 
materials. Unlike graphene, monolayer transitional metal dichalcogenides (TMDs) exhibit direct 
band gaps and hence attracted worldwide attention for their applications in optoelectronic 
devices1, e.g. light emitting diodes2,3, single photon emitters4,5, sensing6,7 and solar cells8. Many 
TMD materials have structures analogous to graphene with covalently bonded MX2 layers which 
are held together by van der Waals (vdW) interactions, where M is often Mo or S and X is S, Se 
or Te. 
MoS2 is the most widely studied TMD material. Monolayer MoS2 is a direct band gap 
semiconductor with the band gap at ~ 1.8 eV9,10. There are fewer studies carried out on MoSe2. 
However, MoSe2 may have advantages due to its narrower band gap, narrower line width and 
tunable excitonic properties11,12. Recent studies show that MoSe2 could be a candidate for 
polaritonics in ambient environment13,14. 
To achieve a more accurate spectroscopic characterization, higher spatial resolution than that 
provided by the conventional confocal photoluminescence (PL) is needed. Mapping local band 
gap variations (e.g. exciton/trion population distribution, band structure change due to chemical 
doping or defects) is essential for fabricating excitonic and valleytronic devices15,16. However, 
confocal microscopy is restricted by the diffraction limit, and therefore is insufficient. Near-field 
imaging techniques are required to perform nanoscale optical characterization17–22. 
Here we performed first tip-enhanced photoluminescence (TEPL) nanoscale mapping of 
monolayer MoSe2. We demonstrate higher spatial resolution than the far-field microscopy. We 
investigated the PL shifts of the edges and spatial dependence of the enhancement factor.  Our 
results may be used to better understand the local properties of 2D materials and to improve 
optoelectronic devices. 
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2. Results and discussion 
AFM topographic image of a cluster of monolayer MoSe2 flakes is shown in Fig.1a. The 
thickness detected by AFM is ~ 1 nm, which corresponds to a monolayer. The aligned particles 
(APs) on the edges are similar to those described in the previous reports23,24,25. These APs are 
mixtures of MoOxSey generated during the CVD process. Far-field (tip out) and near-field (tip in) 
intensity maps are shown separately and overlapped with AFM in Figs.1d-1e and 1b-1c, 
respectively. The intensity was integrated from 785 nm to 835 nm, covering the full PL peak of 
MoSe2. These maps show no PL signal from the APs. Fig. 1f shows the near-field and far-field 
PL intensity profiles from the dashed lines A and B shown in Figs. 1d and 1e. Three specific 
points (I-III and I’-III’) were marked on each line for comparison. Clearly, points II and II’ 
distinguish the PL signal from flakes 4-5-6 and flakes 1-2-3 respectively in the near field maps, 
which are not all visible in the far field maps due to the masking by the APs and due to the lower 
spatial resolution. Also, the near-field profiles show sharper borders than the far-field profiles. 
This proves that TEPL can be used to enhance the MoSe2 optical signals and provide higher 
spatial resolution than the far field spectroscopy. 
 
 
Figure 1. (a) AFM of a cluster of MoSe2 flakes separated by MoOxSey aligned particles (APs). (b) AFM overlapped with the far-
field photoluminescence (PL) map. (c) AFM overlapped with the near-field PL map. (d) Far-field PL map. (e) Near-field PL map. 
(f) PL intensity profiles which correspond to the dashed lines A and B shown in (d) and (e). Three points marked I-III and I’-III’ 
on lines A and B, respectively, are used for the comparison between the far-field and near-field signals. 
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Next, we investigated the spatial dependence of the PL peak position and observed a blue shift 
around the edges of the CVD-grown monolayer MoSe2. The edges refer to the APs lines shown 
in Fig. 1a, which are the crystal boundaries of MoSe2. In Figs. 2a and 2b, the blue and red areas 
represent the integrated intensity in the range of 785-795 nm and 815-820 nm, respectively. Fig. 
2c shows the far-field PL peak position map, and the peak position profile of the dashed line C is 
illustrated in Fig. 2f. Fig. 2g shows the spectra of the points I-V marked in Fig. 2c. Previous 
work reported edge PL red shift compared to the center in 2D TMDs24, as well as the blue shifted 
edge PL18 and attributed the change of binding energy to the change of M/X ratio (M=Mo, W 
and X=S, Se)24 and energy funneling18, respectively.  
 
 
 
 
 
 
 
 
 
 
  
 
Figure 2. (a) Far-field PL intensity map and (b) near-field PL (TEPL) intensity map. Blue represents integrated intensity from 787 
to 795 nm. Red represents integrated intensity from 815 to 820 nm. PL intensity profiles that correspond to dashed lines A, B are 
shown in (d) and (e). (c) Far-field PL peak position map. Peak position which corresponds to the dashed line C is shown in (f). 
(g) Far-field spectra from spots I-V marked in (c).  
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Finally we investigated the spatial dependence of the TEPL enhancemnet factor (EF). Figs. 3a 
and 3b show the EF maps separately and overlapped with the AFM image respectively. The EF 
maps were obtained using the standard procedure: 
 
where the 𝐼𝐹𝐹 and 𝐼𝑁𝐹 are the integrated far-field and near-field PL intensities over the full 
spectral range, and 𝑆𝐹𝐹 and 𝑆𝑁𝐹 are the estimated surface areas of the estimated focused far-field 
and near-field excitation spots, respectively. 
The EF maps and profiles B and C in Fig. 3c show that the EF decreased during the tip scan, 
which was performed from the bottom to the top part of the image. This is attributed to the tip 
degradation and possible contamination during the TEPL scan. Despite these effects, it is still 
possible to obtain high resolution imaging of an area of > 100  μm2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Enhancement factor (EF) map separately (a) and overlapped with AFM (b). EF profiles A, B, C and D (c) and I and II 
(d) which correspond to the dashed lines in (a).  
𝐸𝐹 = (
𝐼𝑁𝐹+𝐼𝐹𝐹
𝐼𝐹𝐹
− 1)×
𝑆𝐹𝐹
𝑆𝑁𝐹
,    𝑆𝐹𝐹 = 𝜋𝑅𝑙𝑎𝑠𝑒𝑟
2 ,     𝑆𝑁𝐹 = 𝜋𝑅𝑡𝑖𝑝
2  , 
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3.  Methods 
Synthesis 
Monolayer MoSe2 was synthesized in a home-built CVD furnace. MoO3 and Se powder (Sigma- 
Aldrich), used as Mo and Se source, were placed at the center and the upstream of the furnace 
respectively. Clean SiO2/Si substrate faced MoO3 source at the furnace center. Typically, when 
the furnace temperature ramps to 750 ℃, after 15 mins purging, MoO3  will evaporate and react 
with flowing Se carried by H2 gas (~ 50 sccm), and forms monolayer MoSe2 onto SiO2/Si 
substrate. After about 10mins growth, the furnace naturally cools down to room temperature. 
Characterization  
Confocal Raman and PL spectroscopies were used to characterize monolayer MoSe2 by Raman 
peak position and Raman/PL intensity ratio. The experiments were carried out using LabRAM 
Raman microscope (Horiba). 
Tip-enhanced photoluminescence (TEPL) 
TEPL was carried out using the state-of-the-art commercial system (OmegaScopeTM 1000, AIST-
NT, coupled with LabRAM Evolution spectrometer, Horiba). Silicon tips were used for AFM and 
Ag-coated tips with apex radius ~ 20 nm were used for TEPL measurements. The 660 nm laser 
was focused on the tip apex and the sample was scanned while recording at each point both the 
near-field and the far-field signals with the tip-sample distance ~ 0.3 nm and ~ 10 nm, 
respectively. The localized surface plasmons of the tip enhance the electromagnetic field, leading 
to the enhanced PL emission. The laser power was 1 mW and the step size of the scan was 67 
nm, with 0.2 s acquisition time. 
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